The widespread use of antiretroviral therapy (ART) has transformed human immunodeficiency virus (HIV) infection into a chronic disease [1, 2] . Life expectancy with HIV after ART initiation has greatly improved over time and is approaching that of the general population in the United States [3] . As HIV-infected adults attain older ages, the appropriate management of these patients is of major concern [4] .
Whether HIV-infected adults are diagnosed with agingassociated comorbidities more frequently than uninfected adults is an actively debated question [5] . A complete picture relies on 2 concepts: (1) accelerated aging, reflecting whether the age at diagnosis of the comorbid condition is younger than uninfected adults; and (2) accentuated aging, reflecting whether the risk of comorbidities is elevated at every age relative to uninfected adults [6] . These characteristics are complementary; HIV-infected adults may experience a greater burden of agingassociated diseases, but these events may or may not occur at similar ages. An increased relative risk does not mandate a younger age at diagnosis.
The objective of this study was 2-fold. First, we compared the mean age at diagnosis of myocardial infarction (MI), end-stage renal disease (ESRD), and non-AIDS-defining cancer (NADC) in HIV-infected and uninfected adults. Second, we determined if there was an increased risk among HIV-infected compared with uninfected adults.
METHODS

Study Population
The Veterans Aging Cohort Study Virtual Cohort (VACS) was established in 1998 as a prospective, longitudinal cohort study of HIV-infected and uninfected veterans matched by age, race/ ethnicity, and clinical site using the United States Department of Veterans Affairs (VA) national electronic medical record system [7] . Data for this cohort were extracted from the VA Immunology Case Registry, the Decision Support System, the National Patient Care Database, Medicare, and the VA electronic medical record health factor table. The data were de-identified and the institutional review boards at Yale University and the VA Connecticut Healthcare System approved this study.
For this study, we identified participants from the VACS who were alive and enrolled between 1 April 2003 and 31 December 2010 to allow for investigation of patterns of outcomes occurring during the modern ART era. Baseline was defined as participant's first clinical encounter on or after 1 April 2003. Individuals with prevalent cardiovascular disease (defined as International Classification of Diseases, Ninth Revision [ICD-9] codes for MI, unstable angina, cardiovascular revascularization, stroke or transient ischemic attack, peripheral vascular disease or heart failure), ESRD, and cancer occurring at or within 6 months after baseline were excluded from their respective analyses as prevalent events.
Outcomes: MI, ESRD, and NADC
Acute MIs were validated as part of the VA-wide Ischemic Heart Disease Quality Enhancement Research Initiative; events treated at non-VA hospitals or fatal events solely noted on the death certificate were not included. All participants with acute MI identified via discharge summary were reviewed using data collected by trained abstractors from the VA External Peer Review program [8] . Clinical validation of MI events required documentation in the discharge summary followed by a review of the physician's notes and medical chart. An MI was defined as evidence of elevated serum markers of myocardial damage (including elevated troponin I, troponin T, or creatinine kinase-muscle brain) and supporting evidence of electrocardiographic findings (ST segment elevation of 1 mV or higher in ≥2 contiguous leads and/or left bundle branch block).
ESRD was defined as the initiation of long-term hemodialysis or peritoneal dialysis or receipt of kidney transplant. In the United States, renal replacement therapies are covered by Medicare. ESRD was identified using data from the Centers for Medicare and Medicaid Services (outpatient file: revenue center codes 0800-0804, 0809, 0820-0825, 0829, 0841, 0851, 0800-0889; carrier file outpatient provider dialysis services using claims with BETOS P9A or P9B).
To obtain validated NADC diagnoses, VACS was linked to the VA Central Cancer Registry (VACCR), which maintains a national database of cancer cases diagnosed or treated at VA facilities, aggregated from local VA medical center registries. VACCR, which seeks complete and accurate identification of all cancer cases diagnosed or treated in the VA, adheres to North American Association of Central Cancer Registries standards. The following NADCs were included in our study: anal, bladder, brain and nervous system, breast, colon and rectum, esophageal, Hodgkin lymphoma, kidney and renal pelvis, larynx, leukemia (lymphoid and myeloid), liver, lung, melanoma, myeloma, oral cavity and pharynx, pancreatic, penis, prostate, soft tissue (including heart), stomach, testicular, and thyroid cancer; there were no cases of vulvar cancer, and the single case of ovarian cancer was omitted. As demonstrated in previous studies and reflected in data from our study population, anal, oral cavity and pharynx, penis, Hodgkin lymphoma, liver, and lung cancer occur at an increased rate in HIV-infected compared with uninfected adults; these cancers were termed "HIV-associated cancers" and examined as a subgroup in analyses [9] [10] [11] [12] [13] . The selection of certain cancers as "HIV-associated cancers" is somewhat subjective, as other cancers such as renal, melanoma, and vaginal cancer have also been shown to occur at an increased rate in HIV-infected compared with uninfected adults [11, 12] .
Exposures and Potential Confounders
HIV-infected adults were identified using a validated algorithm with ≥1 inpatient and/or ≥2 outpatient ICD-9 codes for HIV infection at baseline [7] . Age was a time-varying covariate.
Confounders were measured consistently, regardless of HIV status. Sex and race were determined using administrative records. Other potential confounders were defined using outpatient and clinical laboratory data collected closest to the participants' baseline date. Body mass index (BMI) and cigarette smoking (current, past, or never) were collected via standardized electronic forms that providers are routinely required to complete for all patients [14] . The occurrence of major depression or an alcohol-or cocaine-related diagnosis was measured using ICD-9 codes [15] . Hepatitis C (HCV) infection was defined as a positive HCV antibody test or ≥1 inpatient and/or ≥2 outpatient ICD-9 codes for HCV diagnosis [16] .
Diabetes was diagnosed using a previously validated metric that considers glucose measurements, use of antidiabetic agents, and/or ≥1 inpatient and/or ≥2 outpatient ICD-9 codes for this diagnosis [17] . Estimated glomerular filtration rate (eGFR) was calculated from serum creatinine using the Modification of Diet in Renal Disease equation [18] . Hyperlipidemia was defined as triglycerides >200 mg/dL; and/or serum total cholesterol >240 mg/ dL measured on 2 separate occasions. Hypertension was defined using ICD-9 codes [19] . Antidiabetic, lipid-lowering, and antihypertensive medication use was measured using pharmacy data.
Statistical Analysis
To investigate evidence of accelerated aging, Student t tests and multivariate linear regression models were used to determine differences in crude and adjusted mean age, at diagnosis of each outcome and 95% confidence intervals (CIs), respectively. To correct for small differences in the age distribution of the HIV-infected and uninfected adults that resulted from differential survival in the early years of the VACS cohort, we used outcomespecific weighed multivariate linear regression models; details of this method and results can be found in the Supplementary Data.
To investigate evidence of accentuated aging, time-to-event analyses were conducted. Participants were followed from their baseline date (ie, a participant's first clinical encounter on or after 1 April 2003) to the first occurrence of the outcome of interest, death, date of last follow-up, or 31 December 2010. To describe the rate of MI, ESRD, and NADC occurrence, crude and age-specific incidence rates (IRs) and 95% CIs were estimated. To describe the relative risk of MI, ESRD, and NADC in HIVinfected vs uninfected adults, crude (HR) and adjusted hazard ratios (aHRs) and 95% CIs were estimated using Cox proportional hazards models. To test if the proportional hazards by HIV infection assumption held, we examined log-minus-logtransformed Kaplan-Meier estimates of the survival function and conducted tests for proportionality using Schoenfeld residuals; neither method indicated a deviation of the proportionality of the hazards by HIV status. To test our a priori hypothesis that HIV modifies the effect of age on our outcomes of interest, likelihood ratio tests from nested models were used to determine if the model with the interaction term provided a better fit to the data.
Separate analyses were conducted for each of the 3 outcomes of interest (MI, ESRD, and NADC). Participants could contribute data to all 3 analyses. The following variables were evaluated for each outcome: HIV status, age, race, sex, HCV infection, major depression, alcohol-related diagnosis, cocaine-related diagnosis, cigarette smoking, BMI, diabetes, hyperlipidemia, hypertension, lipid-lowering medications, antihypertensive medications, eGFR, and year of diagnosis. Multivariate models were constructed based on univariate relationships with the outcomes and prior knowledge. Analyses were conducted using Stata software version 12.0 (College Station, Texas), and a P value <.05 guided statistical interpretation.
RESULTS
From 1 April 2003 to 31 December 2010, 98 687 adults (30 564
[31%] HIV-infected and 68 123 [69%] uninfected) contributed to the analysis of at least 1 outcome. Participants with prevalent cardiovascular disease, ESRD, and NADC were excluded from the analysis of the respective outcome, resulting in total study populations of 83 527, 97 922, and 96 417 adults for our MI, ESRD, and NADC studies, respectively. A total of 689 MI, 1135 ESRD, and 4179 NADC events occurred; the distribution of age at diagnosis, by HIV status, can be found in the Supplementary Data.
The study population for each outcome had similar age distributions by HIV status due to the matched nature of the VACS (Supplementary Data). Table 1 shows baseline characteristics, by HIV status, for each outcome. Overall, greater proportions of HIV-infected adults who were infected with HCV had a cocaine-related diagnosis, were current smokers, and had an eGFR < 60 mL/minute/1.73 m 2 compared with uninfected adults. In contrast, HIV-infected adults had a lower burden of other relevant comorbidities, including diabetes, hyperlipidemia, hypertension, and obesity.
Results for the Outcome of MI
A total of 83 527 adults contributed 453 982 person-years of follow-up to the analysis of MI (median follow-up, 5.3 and 5.5 years in HIV-infected and uninfected adults). There were 291 and 398 MI events in HIV-infected and uninfected adults, with a mean age at diagnosis of 56.2 and 56.0 years, respectively (P = .84). After adjustment for confounders, there continued to be no difference in mean age at MI diagnosis, with an adjusted mean difference of −0.11 (95% CI, −.59 to .37) years in HIVinfected compared with uninfected adults. The lack of a difference persisted when weighted linear regression models were used to correct for the small difference in the age distributions by HIV status (Supplementary Data).
The crude IR of MI was 2.02 (95% CI, 1.80-2.27) and 1.28 (95% CI, 1.16-1.42) per 1000 person-years in HIV-infected and uninfected adults, respectively. Comparing HIV-infected with uninfected adults, the IRs were similar at age <50 years, Data are presented as No. (%). Characteristics measured at, or closest to, baseline. The χ 2 test statistics for differences in characteristics by HIV status were all P < .001 with the exception of race (MI: P = .31; ESRD: P = .15; cancer: P = .024) and sex (MI: P = .81; ESRD: P = .12, cancer: P = .14). Comparison of CD4 cell count, HIV RNA or ART use by HIV status was not possible because these data were not collected among uninfected subjects. The characteristics with missing data, and the proportion of individuals with missing data, were as follows: cigarette smoking b Cocaine-related diagnosis was defined as ≥1 inpatient or outpatient ICD-9 codes for cocaine-related diagnosis.
c Alcohol-related diagnosis was defined as ≥1 inpatient or outpatient ICD-9 codes for alcohol-related diagnoses.
d Depression was defined as ≥1 inpatient or outpatient ICD-9 codes for major depression diagnoses.
e Diabetes measured as (a) glucose ≥200 mg/dL measured on 2 separate occasions, (b) ≥2 outpatient or ≥1 inpatient ICD-9 codes for diabetes and treatment with an oral hypoglycemic or insulin for ≥30 days, (c) ≥2 outpatient or ≥1 inpatient ICD-9 codes for diabetes and glucose ≥126 mg/dL measured on 2 separate occasions, or (d) glucose ≥200 mg/dL measured once and treatment with an oral hypoglycemic or insulin for ≥30 days. f Hyperlipidemia was defined as (a) triglycerides >200 mg/dL; and/or (b) serum total cholesterol >240 mg/dL measured on 2 separate occasions.
g Hypertension was defined as ≥1 inpatient or outpatient ICD-9 codes for hypertension.
h eGFR calculated using the Modification of Diet in Renal Disease study equation.
i Polymorbidity was defined by counting the number of chronic conditions (hepatitis C, depression, BMI, diabetes, hyperlipidemia, hypertension, renal impairment measured as eGFR <60 mL/min/1.73 m 3 ) measured within each individual. j Clinical AIDS diagnoses was defined by ICD-9 codes for AIDS-defining illnesses, including pneumocystis pneumonia, tuberculosis, mycobacterium, cytomegalovirus, HIV wasting, HIV dementia, candidiasis, cryptococcosis, toxoplasmosis of the brain, coccidiomycosis, histoplasmosis, isosporiasis, herpes zoster, herpes simplex, bacterial pneumonia, or Kaposi sarcoma.
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The risk of MI was also significantly higher in HIV-infected compared with uninfected adults after adjustment for confounders (aHR, 1.76 [95% CI, 1.49-2.07]) (Figure 2 ; see Supplementary Data for point estimates and 95% CIs). The interaction of age and HIV was not statistically significant in multivariate Cox proportional hazards models (P = .086). Factors with a greater magnitude of association than HIV included male sex, diabetes, hyperlipidemia, and eGFR <60 mL/minute/1.73 m 2 .
Results for the Outcome of ESRD
A total of 97 922 adults contributed 583 178 person-years of follow-up to the analysis of ESRD (median follow-up, 5.3 and 5.5 years in HIV-infected and uninfected adults). There were 447 and 688 ESRD events in HIV-infected and uninfected adults, with a mean age at diagnosis of 56.0 years and 59.4 years, respectively (P < .001; Table 2 ). After adjustment for confounders, HIV-infected adults were diagnosed with ESRD at a mean age that was 5.5 months younger than uninfected adults (adjusted mean difference, −0.46 [95% CI, −.86 to −.07] years. The difference in age at diagnosis persisted when weighted linear Non-AIDSdefining cancers included anal, bladder, brain and nervous system, breast, colorectal, esophageal, Hodgkin lymphoma, kidney, larynx, leukemia (lymphoid and myeloid), liver, lung, melanoma, myeloma, oral cavity and pharynx, pancreatic, penis, prostate, soft tissue, stomach, testicular, thyroid (there were no cases of vulvar cancer).
regression models were used to correct for the small difference in the age distributions by HIV status (Supplementary Data).
The crude IR of ESRD was 2.56 (95% CI, 2.33-2.81) per 1000 person-years in HIV-infected adults and 1.68 (95% CI, 1.56-1.81) per 1000 person-years in uninfected adults. Age-stratified crude IRs showed higher rates of ESRD among HIV-infected participants at all ages ( Figure 1B) .
In multivariate Cox proportional hazards models, HIV modified the effect of age on ESRD (P for interaction = .0002 , Figure 3 ; see Supplementary Data for stratified analyses). Factors with ≥2-fold increase in risk of ESRD (other than HIV and age) included HCV infection, diabetes, and hypertension.
Results for the Endpoint of NADC
A total of 96 417 adults contributed 519 632 person-years of follow-up to the analysis of NADC (median follow-up, 5.2 and 5.5 years in HIV-infected and uninfected adults). There were 1471 and 2708 NADC events in HIV-infected and uninfected adults, respectively. The most commonly diagnosed cancer was prostate cancer (n = 1365), followed by lung (n = 802), liver (n = 336), colorectal (n = 308), oral cavity and pharynx (n = 232), kidney (n = 179), anal (n = 123), pancreatic (n = 108), and larynx (n = 102); all other cancer types had <100 diagnoses each (Supplementary Data). The mean age at diagnosis was 57.8 years in HIV-infected and 58.9 years in uninfected adults (P < .001; Table 1 for definitions and measurement descriptions of the confounders depicted in the figure. Confounders with missing data were modeled with a separate category for missing. See the Supplementary Data for enumerated univariate (not shown) and multivariate (shown in this figure) point estimates and 95% CIs. Abbreviations: eGFR, estimated glomerular filtration rate; HIV, human immunodeficiency virus. Table 2 ). After adjustment for confounders, there was no statistically significant difference in mean age at NADC diagnosis, with an adjusted mean difference of −0.10 (95% CI, −.30 to .10) years. The difference was similar when weighted linear regression models were used to correct for the small differences in the age distributions by HIV status (Supplementary Data).
The crude NADC IR per 1000 person-years was 9.45 (95% CI, 8.98-9.94) in HIV-infected and 7.44 (95% CI, 7.17-7.73) in uninfected adults; rates of HIV-associated cancers were 4.65 (95% CI, 4.32-5.00) and 2.24 (95% CI, 2.09-2.40) per 1000 person-years, respectively. Similar to MI IRs, NADC rates show a greater rate among HIV-infected adults at all ages, with more pronounced differences in older ages (Figure 1C) ; this was driven by the HIV-associated cancers ( Figure 1D) .
In multivariate Cox proportional hazards models, HIV modified the effect of age on NADC (P for interaction = .034; Figure 4 ; see Supplementary Data for stratified analyses). Factors with a similar magnitude of effect as HIV and age included male sex, current smoking status, and BMI.
Sensitivity analyses included removing lung cancer from HIV-associated cancers and investigating type-specific NADCs; these analyses supported the inferences of the grouped NADC outcome.
DISCUSSION
This study answers 2 important questions in the field of aging with HIV: compared with demographically and behaviorally similar uninfected adults, are those with HIV (1) likely to develop aging-associated diseases at younger ages and (2) at greater risk for these diseases? Contrary to some previous studies concluding a dramatically younger age at diagnosis for MI and cancer, we found no clinically meaningful difference in the age at diagnoses for MI, ESRD, and NADC after controlling for differences in age distribution by HIV status and other important risk factors. Our study does, however, support previous findings of an increased risk of MI, ESRD, and NADC in HIV-infected compared to uninfected adults, although our estimates are attenuated compared to previous estimates. Our data show that HIV is a risk factor for these outcomes; however, many traditional risk factors have a similar or greater magnitude of relationship with these outcomes. With respect to the validated, clinically relevant diagnoses of MI, ESRD, and NADC, our results support accentuated, not accelerated, aging in HIV-infected adults compared with similar uninfected adults after employing a consistent analytic approach and appropriate adjustment for confounding. Bold signifies statistically significant relationships with the outcome.
Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus. a P values for the difference in crude mean age at diagnosis were estimated using the Student t test for a difference in means.
b Adjusted difference in mean age (in years) at diagnosis was estimated using linear regression models. For myocardial infarction and end-stage renal disease, models were adjusted for race, sex, hepatitis C infection, body mass index (BMI), alcohol use, smoking, anemia, diabetes, hyperlipidemia, hypertension, antihypertensive medications, and statin use. Linear regression models for age at cancer was adjusted for race, sex, hepatitis C infection, BMI, alcohol use, smoking, anemia, diabetes, and year of cancer diagnosis. Confounders with missing data had a category for missing and were included in the models. Please see Table 1 for definitions and measurement descriptions of the confounders. c Non-AIDS-defining cancers included anal, bladder, brain and nervous system, breast, colorectal, esophageal, Hodgkin lymphoma, kidney, larynx, leukemia (lymphoid and myeloid), liver, lung, melanoma, myeloma, oral cavity and pharynx, pancreatic, penis, prostate, soft tissue, stomach, testicular, thyroid. There were no cases of vulvar cancer.
The hypothesis of accelerated aging has been contentiously debated in the field of aging with HIV [5, 6, [20] [21] [22] . Our findings within an age-matched population demonstrate that HIVinfected adults are diagnosed with ESRD at ages 5.5 months younger than uninfected adults, but no clinically significant differences in mean age at diagnosis of MI, ESRD, or NADC by HIV status after accounting for important traditional risk factors.
Our estimates of the relationships of HIV with ESRD and NADC were attenuated compared with previous studies [11-13, 23, 24] . This attenuation may be attributed to the richer data allowing for more complete adjustment of many important confounders that were omitted from other studies. The risk of MI in HIV-infected and uninfected adults continues to be challenging to estimate, with recent estimates ranging from a relative risk of 1.4 (95% CI, 1.3-1.6) among those with access to care to 1.75 (95% CI, 1.51-2.02) in a healthcare system-based cohort [25, 26] . A previously published study of MI in the VACS that had a shorter follow-up time and a similar (but not the same) definition of MI showed relative risk of MI ranging from 1.48 (95% CI, 1.27-1.72) to 1.72 (95% CI, 1.49-1.97) depending upon the confounders considered in the multivariate models [27] .
There have been a number of hypotheses suggested to explain the increased risk of aging-associated disease among HIV infected adults, one of them being higher prevalence of traditional risk factors such as cigarette smoking [28] , high blood pressure [29] , dyslipidemia [30] , oncogenic viral infections [31] [32] [33] , male sex, black race, and lower socioeconomic status [34] compared with the general population. Our findings suggest that Table 1 for definitions and measurement descriptions of the confounders depicted in the figure. Confounders with missing data were modeled with a separate category for missing. See the Supplementary Data for enumerated univariate (not shown) and multivariate (shown in this figure) point estimates and 95% CIs. traditional risk factors do play an important and independent role in aging-associated diseases. Many traditional risk factors were associated with a greater magnitude of risk compared with HIV in multivariate models. Targeting traditional risk factors may help decrease the excess burden of aging-related diseases among HIV-infected adults. Studies to estimate the proportion of these outcomes avoided with reduction of these risk factors, and intervention studies that estimate the reduction of these outcomes due to reduction of these risk factors, are needed to inform interventions.
Other causes of comorbidities in HIV-infected adults include HIV itself or ART. We did not attempt to differentiate a treated vs nontreated HIV relationship in this study; however, univariate relationships of ART regimen classes used at baseline were statistically significantly associated with the outcomes of interest (Supplementary Data).
Whether increased risk of these age-associated diseases should lead to increased screening among HIV-infected adults is not a simple determination. The decision to screen and treat must balance potential benefits from early diagnosis and treatment and potential harms from diagnostic tests and treatment toxicity. Whereas increased risk of a condition often increases the potential benefit to screening and treatment, it only does so when risks from screening and potential toxicity from additional treatment are not also proportionately increased [35] . However, we find no conclusive evidence to suggest that screening for these aging-associated outcomes should occur at younger ages in HIV-infected compared with uninfected adults. Table 1 for definitions and measurement descriptions of the confounders depicted in the figure. Confounders with missing data were modeled with a separate category for missing. aHRs and 95% CIs were estimated using Cox proportional hazards models. See the Supplementary Data for enumerated univariate (not shown) and multivariate (shown in this figure) point estimates and 95% CIs. Abbreviation: eGFR, estimated glomerular filtration rate.
This study has strong internal validity, which is essential to determining the relationship of HIV and these aging-associated outcomes. The internal validity of the study is founded on a comparison to a demographically and behaviorally similar uninfected group of age-matched adults with similar access to care (as opposed to comparison with the general population of presumed uninfected adults with differential disease detection) and reinforced with rich data, allowing for more complete adjustment for traditional risk factors not included in prior studies. Another strength includes the identification of outcomes of interest using clinical measures (MI), Medicare data (ESRD), and cancer registry data (NADC), rather than ICD-9 diagnostic codes. Finally, the study population size allowed for capture of a large number of incident events.
Our study is not without limitations. Most important, we address the mean age at which individual age-related diseases occurred. Prior research has demonstrated that those aging with HIV may be susceptible to geriatric syndromes, including multimorbidity, frailty, and polypharmacy, at earlier ages [36] [37] [38] . Second, generalizability of our findings may be limited to men and to individuals without significant barriers to healthcare. Third, by combining NADC into a single composite outcome, we may be masking differences among individual cancers. Sensitivity analyses of type-specific cancers supported the inferences of the NADC outcome. Fourth, we were not able to adjust for time since HIV infection, which is typically not captured in HIV clinical cohorts. Finally, only 9 MI, 26 ESRD, 45 NADC, and 17 HIV-associated NADC and 44 000 person-years (9% of total person-time) were observed in the <40-year-old age group. Although we have no reason to believe there is differential capture of events by age group or by HIV status, differential incomplete capture of events in this youngest group compared to the older groups could mask an accelerated aging.
Our findings show no clinically meaningful difference in the age at diagnosis for MI, ESRD, and NADC in HIV-infected compared with similar uninfected adults. Compared with previous estimates of the increased risk of these aging-associated conditions previously associated with HIV, our findings show an attenuated HIV relationship after careful consideration of age and other important risk factors. These findings should reassure HIV-infected patients that they are unlikely to experience these conditions decades earlier than those aging without HIV. Continued investigations of the mechanisms of the HIV effect on age-associated conditions, and impact of lifestyle interventions on aging-associated disease risk, are needed to inform clinical management of adults aging with HIV.
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